Human embryonic stem cells (hESCs) have the potential to become an effective resource for regenerative medicine in heart disease. The efficiency of cardiomyocyte differentiation changes drastically depending on the quality of hESC aggregates known as embryoid bodies (EBs). This study compares the production of EBs in rotary orbital suspension culture at various speeds with that in a simple static suspension culture. None of the outgrowths of EBs formed in static suspension culture developed beating. In contrast, outgrowths from EBs formed at 100 rpm had the highest rate of beating, 70%, and increased the expression of Nkx2.5, a master gene of cardiomyocyte differentiation. Outgrowths from EBs developed at slower rotational speeds showed more endoderm gene expression. At faster speeds, the expression of ectoderm markers increased. A computational hydrodynamic simulation showed that the liquid medium shear stress on the bottom was restricted to the periphery at 30 and 55 rpm and the center at 120 rpm. The analysis showed that at 100 rpm, the shear stress was uniformly distributed in the dish. Our results suggest that shear stress by fluid dynamic forces induces the differentiation of specific cell phenotypes from hESCs depending on rotational speed. For cardiomyocyte differentiation, 100 rpm was the most effective speed.
Introduction
Heart disease such as myocardial infarction causes massive necrosis of cardiomyocytes. Cell therapies for rescuing mortally damaged hearts have received a lot of attention. For successful cell therapy, large amounts of functional cardiomyocytes are required. An attractive source of cardiomyocytes is human pluripotent stem cells, such as human embryonic stem cells (hESCs) [1] and induced pluripotent stem cells (iPSC) [2, 3] . Stem cells are, in principle, an infinite resource, expanding continuously under appropriate conditions in the undifferentiated state [4, 5] . Because they are pluripotent, it is possible to produce any type of tissue from a single resource.
The standard protocol for the induction of differentiated cell lineages from hESCs or iPSCs is to first produce spherical multicellular aggregates known as embryoid bodies (EBs). Although protocols without EB formation are sometimes used, most of these protocols depend on high-cost reagents and/or materials such as differentiation-inducing factors [6] and laminin-coated microcarriers [7] . EBs imitate the early period of embryogenesis [8, 9] , and their formation is commonly used to produce specific differentiated cell phenotypes [10] , especially cardiomyocytes [11] . Three methods have been developed to promote EB formation: hanging drop (HD), static suspension culture, and rotary culture. In mouse embryonic stem cells (mESCs), the HD method produces uniform and high-quality EBs [12, 13] . However, the HD method requires a high level of skill and is not suitable for the large-scale cultures needed to produce cardiomyocytes for cell therapy. The static suspension method utilizes an intrinsic property of embryonic stem cells, namely cells adhering together under these culture conditions. Although the static suspension method is applicable to hESC culture and has been adopted to produce large populations of EBs, it allows the hESCs to form aggregates of various sizes and shapes, thereby reducing differentiation efficiency [14] .
Recently, rotary orbital suspension culture, one of several fluid dynamic culture methods [15] , has been used to create EB spheroids from various cell types [16] . The rotary orbital culture increases the efficiency of EB formation and prevents EB agglomeration, with the fluid shear stress detaching unstable cells from the aggregates. EB formation by orbital culture of mESCs enhances cardiomyogenic differentiation [17] . Computational analysis suggests that shear stress modulates EB structure [18] , including the cellular organization and morphology of the spheroids. Compared to static culture, rotary orbital culture increases the expression of homeobox protein Nkx2.5, a master gene of cardiomyocyte differentiation [19] , and cardiomyocyte-associated α-myosin heavy chain (α-MHC) and α-myosin light chain (MLC-2v). Previously, in our preliminary experiments regarding the effect of bone morphogenetic protein 4 (BMP-4) treatment on human EBs [20] , we found that orbital suspension culture was also effective for the cardiomyogenic differentiation of hESCs. However, unlike for mESCs, the rotational speed of the orbital suspension culture was important for human cardiomyocyte differentiation. The present study found that there is an optimal rotational speed for obtaining beating EB outgrowth. The effects of fluid dynamic forces (shear stress) on the gene expression of the formed EBs as well as on gene expression by outgrowths from the EBs are analyzed. Computational fluid dynamics (CFD) modeling is also performed to determine the optimal rotational speed for yielding cardiomyocytes.
Materials and methods

hESCs and culture
This study was approved by the Shinshu University Institutional Review Board in accordance with The Guidelines for Derivation and Utilization of Human Embryonic Stem Cells by The Ministry of Education, Culture, Sports, Science, and Technology of Japan. The H1 hESC line [1] was purchased from WiCell Research Institute (Madison, WI, USA). The cells were cultured on a feeder cell layer of mouse embryonic fibroblasts (MEFs, Oriental Yeast Co, Tokyo, Japan) inactivated with mitomycin C (Kyowa Hakko Kirin Co, Tokyo, Japan). The culture medium consisted of 80% knockout Dulbecco's minimal Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) supplemented with 20% knockout serum replacement (Gibco), 100 μM non-essential amino acids (Wako, Chuo-ku, Osaka, Japan), 2 mM L-glutamine (Wako), 100 μM 2-mercaptoethanol (Sigma, St. Louis, MO, USA), and 4 ng/ml basic fibroblast growth factor (Wako).
EB formation
hESCs were dispersed into small clumps (200 μm in diameter) by treatment with 0.25% trypsin and 0.1 mg/mL collagenase IV (Invitrogen, Carlsbad, CA, USA) in phosphate-buffered saline (PBS) containing 20% knockout serum replacement (Invitrogen) and 1 mM CaCl 2 at 37 °C for 5 min, followed by pipetting ( Fig. 1(a) ). Next, contaminating MEFs were removed by incubating the cell suspension on a gelatin-coated plate at 37 °C for 2 h in the maintenance culture medium. In this procedure, MEFs adhered to the dish bottom, but the hESCs did not [21] . For rotary orbital culture ( Fig. 1(b) ), 2.5~3 × 10 5 cells (about 200 clumps) were then evenly transferred to 24-well non-treated dishes with 500 μl of differentiation medium consisting of 80% knockout DMEM, 100 μM non-essential amino acids, 2 mM L-glutamine, 100 μM 2-mercaptoethanol, and 20% fetal bovine serum (FBS, Hyclone, Logan, UT, USA). Unless otherwise stated, these cultures were maintained for 4 days on a rotary orbital shaker (MILD MIXER, Model #PR-36, Taitec, Saitama, Japan). The type of shaking method was "belly dancing". The speed was set at 30, 55, 100, or 120 rpm and calibrated for the entire suspension culture period to ensure consistency. The rotary suspension EBs formed in each well (50~200 EBs) were then re-plated onto gelatin-coated 24-well microplates and expanded in the differentiation medium containing 20% FBS for up to 30 days.
To prepare 300-μm-diameter EBs in static suspension cultures, EB cultures were initiated with 5 × 10 4 cells/ml in 100 μl of differentiation medium in 96-round-well Lipidurecoated dishes (NOF Corporation, Tsukuba, Japan) after the MEFs were removed. In static suspension cultures, only one EB was generated per round well for 4 days. These EBs were re-plated with 96~192 EBs per well. Like the rotary culture EBs, they were expanded in the differentiation medium containing 20% FBS for up to 30 days.
Cell counting was performed using a standard hemocytometer technique after complete dissociation of clumps. For size measurements, the EBs were photographed while under a stereomicroscope. Observations of beating were done by stereomicroscopy.
MTT assay
The MTT assay was performed to determine the cell proliferation ability of EBs in rotary culture at each speed. EBs from three wells of 24-well dishes were independently broken up into small clumps in the differentiation medium containing 10 μM ROCK inhibiter (Y-27632). 50-μl aliquots (1/100 of each well) were inoculated in wells of a 96-well plate containing 50 μl of medium with 10 μM ROCK inhibiter. Then, 10 μl of MTT solution (5 mg/ml) was added and incubated for 4 h. After incubation, 0.1 ml of 0.5% HCl/isopropanol was added and the formazan dyes were dissolved by vigorous pipetting. Absorbance was read at 570 nm for each sample.
Computational fluid dynamic modeling
The effects of fluid dynamic forces created in the culture dish by the orbital shaker on EB formation and cardiomyocyte differentiation were investigated [18, 22] . Fluid velocity vectors in the dish, maximum shear stress on the dish bottom, and shear stress over the bottom surface were determined using a CFD solver (Fluent 12.1, ANSYS Inc., Canonsburg, PA, USA) based on three-dimensional (3-D) Navier-Stokes equations. The simulations were run for 10-s periods with a time step of 1 ms using the following parameters ( Fig. 1(c) ): (1) rotational velocity of shaker,  = 30, 55, 100, or 120 rpm, (2) shaft length, l = 5 cm, (3) tilt angle of the shaft, θ = 5°, (4) distance of well from the shaft, d = 3 cm, (5) well radius, r = 8 mm, (6) well height, h = 20 mm, (7) contact angle between the bottom and side face of the dish, 80°, (8) contact angle between the liquid medium and the upper face of the dish, 175°, and (9) volume of medium in the well, 502.65 mm3, based on the initial height of the medium, 2.5 mm. The surface tension of air against water was set to a constant value of 73 dyn/cm2 [23] . The gravitational acceleration was 9.80 m/s2. Values for the density and viscosity of water and air were provided by the CFD solver. While the density and viscosity of water may not be exactly the same as that of the incubation medium, the values were similar and applied uniformly across all other conditions. The simulation domain, r2h, was divided into 75,394 hexahedral cells. Physical quantities, for example pressure, velocity, and wall shear stress, were computed for each cell. The Reynolds number of the fluid, R, was calculated by averaging the Reynolds numbers of all hexahedral cells. R was evaluated as around 1.6, 1.0, 0.5, and 0.5 for ω = 120, 100, 55, and 30 rpm, respectively.
Quantitative real-time and conventional RT-PCR
Quantitative and conventional polymerase chain reaction (PCR) analyses were performed as described previously [20] . Primers for β-actin, brachyury, MESP1, Mef2c, GATA4, isl1,  Nkx2.5, cTnI, cx43, β-MHC, Foxa2, goosecoid, albumin , Amylase, Nestin, NCAM, Mash1, and Nanog are listed in Table 1 . For brachyury, cTnI, and β-actin, proprietary primers provided by Takara Bio were used. The real-time PCR reaction was performed using the Thermal Cycler Dice Real-Time System (Takara Bio, Otsu, Japan). Following the manufacturer's instructions, the comparative threshold cycle method was used to analyze the data, with gene expression levels calibrated to that of the housekeeping gene β-actin. PCR was performed in triplicate for each sample, and three independent experiments were carried out.
Results and discussion
Induction of cardiomyogenic differentiation in rotary culture
Rotary suspension cultures formed EBs at each of the four speeds (30, 55, 100, and 120 rpm). After re-plating, outgrowths from the EBs in all groups started beating at day 3 or 4 ( Fig. 2(a) ). At 30 rpm, the percent of beating outgrowths was < 5%, but increased to 30% at 55 rpm, and 70% at 100 rpm, the peak of which was attained on day 6. At 120 rpm, only 30% of the outgrowths were beating. Thus, 100 rpm was the most effective rotational speed for the induction of beating EB outgrowths from hESCs in our culture conditions. Static suspension culture outgrowths did not produce any beating EBs for 2 weeks after re-plating (data not shown).
Morphological features of EBs at day 4 after the start of rotary suspension culture depended on the rotational speed ( Fig. 1(d) ). The MTT assay showed a gradual increase of living cells during rotary culture, except at 30 rpm (Fig. 2(b) ). After EB formation for 4 days in rotary culture, the tendency towards differentiation of specialized cell phenotypes was clearly evident, as determined by quantitative real-time PCR (Fig. 2(c) ). The endodermal marker Foxa2 and the mesendodermal marker goosecoid were activated at 30 rpm. At 100 rpm, brachyury, a mesodermal marker, and Nkx2.5, were upregulated. These results suggest that cardiomyogenic differentiation was directed during EB formation and was influenced by the rotational speed or the fluid dynamic environment.
Relationship between EB size and induction of cardiomyogenic differentiation
Because EB size affects the differentiation propensity of hESCs [13, [24] [25] [26] , the effect of rotational speed on EB size was analyzed ( Fig. 3(a) ). The EB size is thought to be determined by the balance between contact-mediated cell aggregation and the disruption of aggregates, both of which are induced by the movement of the incubation medium in rotary culture [16] . At 30, 55, 100, and 120 rpm, the average EB diameters were 540 ± 168, 314 ± 128, 264 ± 98, and 300 ± 96 μm, respectively. The range of EB sizes among the four groups was narrowest at 100 rpm ((100-600 μm), and largest at 30 rpm (280-1040 μm). Thus, in addition to being the optimal speed for cardiomyogenic differentiation, 100 rpm was also the best speed for the production of uniformly sized EBs.
Based on these results, we hypothesized that the effective induction of cardiomyogenic differentiation in rotary culture at 100 rpm is associated with the size of the EBs produced at that speed. To test this hypothesis, EBs with a diameter of about 300 µm were prepared in standard rotary suspension culture and in a simple static suspension culture. To produce 300-µm-diameter EBs in the static suspension culture, 5 × 103 hESCs were inoculated per round well. The morphological features of the EBs produced in the static suspension culture were like those of similar-sized EBs produced in rotary culture ( Fig. 1(d) ). No beating was evident after the EBs produced in static culture were re-plated (data not shown). Based on the low expression levels of Foxa2, brachyury, and Nkx2.5 as endodermal, mesodermal, and cardiogenic markers, respectively, and the high expression levels of Nestin and Nanog, markers of ectodermal and undifferentiated cells, respectively, these EBs remained in a relatively undifferentiated state (Fig. 3(b) ). Therefore, it was concluded that factors other than the size of EBs determined the effective induction of cardiomyogenic differentiation in the rotary culture at 100 rpm.
Computational analysis of fluid dynamic forces in rotary culture
Fluid dynamic forces or shear stress in the culture dish created by the orbital shaker could be very important. As calculated for the extremes of rotational speeds, 30 and 120 rpm, the velocity vectors in the incubation media were distributed very differently (Fig. 4(a) ). As determined from CFD calculations, at 30 rpm the rotational motion of the incubation medium is greatest at the periphery of the well. In contrast, at 120 rpm, the rotational motion is greatest at the center of the well. Based on 1-ms simulations, the shear stress was greatest at the periphery of the well at 30, 55, and 100 rpm (Fig. 4(b) ). However, at 120 rpm, it became largest near the center of the well bottom. In addition, the area of large shear stress increased with rotational speed. The maximum shear stress,  m , at the bottom of the well increased drastically for 0 < t < 3 s (Fig. 4(c) ). This was caused by a transition from the stationary state at t = 0 to the rotationally moving state.  m also increased with rotational speed (Fig. 4(c) ). These results show that the shear stress moved from the periphery to the center as the rotational speed increased. At 100 rpm, at which cardiomyocyte differentiation was greatest, the sheer stress from the periphery to the center was relatively uniform. Thus, this transitional speed is the most effective for cardiomyocyte differentiation, but the underlying cause remains unknown. 
Detailed analysis of cardiomyogenic differentiation of EBs created at 100 rpm
To confirm that the induced cells were genuine cardiomyocytes, the differentiation process and the maturation capacity of EBs formed in rotary culture at 100 rpm were investigated. In the undifferentiated state, hESCs did not express the cardiomyogenic marker Nkx2.5 ( Fig. 5(a) ). For the 4 days of rotary culture, the EBs had increased expressions of Mesp1, Nkx2.5, Mef2c, GATA4, and isl1 (Figs. 5(a) and 5(b) ), all important genes in cardiomyocyte differentiation (Table 1) . Further, the expressions of the non-cardiogenic genes brachyury and goosecoid, mesodermal and mesendodermal markers, respectively, decreased from day 1 to day 4 of culture ( Fig. 5(b) ). These results suggest that differentiation of cardiomyocytes from EBs in 100 rpm rotary culture recapitulated the developmental mechanisms of the embryo [27] . Next, the maturation properties of the cardiomyocytes were analyzed. The expressions of Tbx5, Nkx2.5, GATA4, Mef2c, ANP, cx43, cTnI, and β-MHC were detected by real-time PCR at 5, 10, and 30 days of culture after re-plating of the EBs (Fig. 5(c) ). Additionally, the expressions of mature cardiomyocyte protein markers cTnI, cadherin, and Cx43 were confirmed by immunostaining (Fig. 5(d) ). The results show that the cardiomyocyte outgrowths derived from EBs cultured at 100 rpm on the rotary shaker advanced to a mature stage.
Non-cardiomyogenic differentiation of EBs formed in static and rotary cultures
Finally, the fate of outgrowths from EBs created at 30, 55, 100, and 120 rpm was investigated at days 5, 10, and 15 after re-plating. Real-time PCR analysis showed that the expressions of ectodermal markers, namely Nestin, NCAM, and Mash1, were strongly upregulated in outgrowths of EBs developed at 120 rpm ( Fig. 6(a) ). The endodermal marker albumin was upregulated in the 30 rpm EB outgrowths (Figs. 6(a) and 6(b) ). Outgrowths from EBs formed in static suspension culture expressed upregulated levels of albumin (Figs. 6(a) and 6(b)), whereas Mash1 was downregulated ( Fig. 6(a) ). Outgrowths from EBs formed at 120 rpm expressed the ectodermal marker III β-tubulin (Fig. 6(b) ). These results suggest that fluid dynamic forces in culture can regulate the tendency toward differentiation of cardiomyocytes by EBs derived from hESCs. Previous papers reported that mouse EBs formed by rotation suspension cultures lost expression of undifferentiated marker genes, including Oct-4 and Nanog, and exhibited differentiated marker genes, including brachyury, Nkx2.5, α-MHC, MLC-2v, GATA-4, AFP, and Nestin [18] . The same authors used immunocytometry to quantitatively assess the expression of α-sarcomeric actin associated with cardiomyocytes at various rotational speeds but did not find any differences among them [17] . The rotational speeds that they used, namely 25, 40, and 55 rpm, may have been insufficient to produce differences in gene expression. In our experiments, gene expression profiles were similar at 30 and 55 rpm. However at 100 rpm, expressions of brachyury and Nkx2.5, which indicate cardiomyocyte differentiation, were sharply higher. Of course, our observations were based on the development of EBs from hESCs. The effect of rotational speed on EBs from other species may be different. 
Shear stress and cardiomyogenic differentiation
Shear-stress-dependent induction of differentiation has been demonstrated frequently in studies of endothelial cell differentiation from mESCs [28] [29] [30] [31] . During embryonic development, blood islands give rise to the early vasculature, and fluid shear stress of blood flow promotes differentiation into endothelial cells [32, 33] . The fluid-mechanical forces influence not only endothelial cell differentiation but also differentiation of other cells in the cardiovascular system, including vascular smooth muscle cells [34] . In embryonic stages, shear stress also plays an important role in the development of the heart, i.e., tube formation, valve formation, and other effects [35] . Especially in zebrafish embryos, intracardiac fluid shear stress is essential for the development of a functional heart [36] . Therefore, it is possible that fluid shear stress created in rotary orbital suspension culture promotes the cardiomyogenic differentiation of hESCs.
There are several hypothetical mechanisms by which shear stress could control differentiation [37] . These include tensional integrity in which the cellular cytoskeletal elements and anchoring integrins mediate mechanotransduction from the extracellular matrix. In this hypothetical mechanism, Ecadherin may be involved because it is distributed over the embryonic stem cell surface [38] . It is integrally associated with intracellular actin filaments through anchor proteins, and it is replaced by N-cadherin as cells transition from the undifferentiated state to the differentiated state [39] . Shear stress exceeding some threshold may impact E-cadherin, through which mechanosignaling could be conducted to the cytoskeletal network. Changes in this network may ultimately induce differentiated gene expression. However, Uda et al. recently showed that cyclic shear force applied via E-cadherin had no effect on the downregulation of Oct3/4 gene expression by mESCs, but it did induce significant cell stiffening [40] . Thus, many experiments will be needed to elucidate the mechanism by which shear stress controls cardiomyogenic differentiation.
Conclusion
Shear stress created by an orbital shaker induces specific cell phenotypes from hESCs depending on rotational speed. Cardiomyocyte differentiation efficiency is optimal at a rotational speed of 100 rpm during EB formation. A Computational hydrodynamic simulation showed that at 100 rpm, the shear stress was uniformly distributed in the dish.
